A large body of data exists demonstrating that neonatal Fc receptor (FcRn) binding of an IgG via its Fc CH2-CH3 interface trends with the pharmacokinetics (PK) of IgG. We have observed that PK of IgG molecules vary widely, even when they share identical Fc domains. This led us to hypothesize that domains distal from the Fc could contribute to FcRn binding and affect PK. In this study, we explored the role of these IgG domains in altering the affinity between IgG and FcRn. Using a surface plasmon resonance-based assay developed to examine the steady-state binding affinity (K D ) of IgG molecules to FcRn, we dissected the contributions of IgG domains in modulating the affinity between FcRn and IgG. Through analysis of a broad collection of therapeutic antibodies containing more than 50 unique IgG molecules, we demonstrated that variable domains, and in particular complementarity-determining regions (CDRs), significantly alter binding affinity to 
Introduction
Pharmacokinetics (PK) of immunoglobulin G (IgG) molecules is complex, with protective and clearance pathways that involve neonatal Fc receptor (FcRn)-dependent recycling, target-mediated drug disposition (TMDD), non-specific or off-target binding mediated clearance (CL), and sometimes immunogenicity. 1 Since FcRn plays an important role in modulating IgG turnover, it is hypothesized that IgG PK may correlate with binding affinity to FcRn. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] IgG molecules can have fast CL due to TMDD, where IgG-target binding would trigger internalization and downstream degradation; 1 this CL pathway is not protected by FcRn. It is intriguing though that, even at high doses when all possible targets are saturated and TMDD would not be a major clearance pathway, IgG molecules with identical heavy chain subclass still have significantly varying PK. 20 This led us to hypothesize that differences in PK could be a result of modulation of the interaction between IgG and FcRn, most likely arising from IgG domains distal from the putative FcRn binding site. Based on crystal structures of rat FcRn complexed with rat Fc, the primary binding site of FcRn on an IgG molecule is located at the CH2-CH3 interface on the Fc domain, [21] [22] [23] [24] and several studies and clinical observations have described how modulation of IgG binding affinity for human FcRn could affect IgG PK. 4, 6, 13, 14 In addition to Fc modifications that enhance affinity of IgG molecules to FcRn, the existence of FcRn binding domains distal from the putative site can be an important factor that contributes to the interaction between IgG and FcRn, and thus influence PK. Several studies have suggested that the antigen binding fragment (Fab) can contribute to FcRn binding, 11, [17] [18] [19] and a recent publication supports this hypothesis by demonstrating that the Fab region of an IgG can interact directly with FcRn. 16 Our hypothesis was additionally strengthened by recent publications by other groups showing a correlation between antibody charge and the FcRn affinity or PK of IgG molecules not influenced by target-mediated CL. 5, 11, 18, 25, 26 In the current study, we set out to further understand if Fabcontaining domains can influence PK.
A detailed understanding of the FcRn-IgG interaction and a reliable, sensitive binding assay that measures this interaction would facilitate generation of an optimal monoclonal antibody (mAb) that has predictable PK in the lead optimization phase of mAb development. We set out to examine the contribution, if any, of IgG domains distal from the putative FcRn binding site on the Fc domain. Knowing that assay format can influence surface plasmon resonance (SPR) data, 27, 28 we used a sensitive assay that measures a 1:1 interaction between IgG and FcRn to avoid avidity contributions that would complicate data analysis, as each IgG molecule can bind two FcRn molecules. Panels of IgG molecules with several combinations of variable and constant domains of heavy and light chains with sequence differences were assembled in a systematic manner, and the binding affinities between these IgG molecules and FcRn were measured using the assay to identify regions of IgG outside the structurally determined FcRn binding site on Fc that modulates affinity to FcRn.
The ability to accurately predict therapeutic antibody PK is an important factor in achieving clinical success. The PK term clearance (CL) describes the process of drug elimination from the body. For first-order elimination processes, clearance is a constant, whereas the rate of drug elimination or half-life is not constant. Volume of distribution (Vd) is another constant to describe PK. Since Vd is relatively similar across most mAbs due to their high molecular weight and limited ability to distribute to tissues, CL is a commonly used term to describe PK. PK studies in non-human primate (NHP), commonly in cynomolgus monkey, provide a reasonable and early assessment of human PK 29 ; however, NHP studies are costly and challenging to implement in the discovery and early preclinical phases of drug development, and there are ethical issues with the use of the animals. Recently, a transgenic homozygous mouse model expressing human FcRn (hFcRn, Tg32) was validated, and shown to predict human CL with 100% accuracy within 2-fold error. 29 In this study, PK measurements of a panel of IgG molecules were conducted in hFcRn Tg32 mice and correlation between in vitro FcRn binding and CL were assessed. Our data suggest that changes in CDRs charge can modulate affinity of IgG to FcRn in vitro. We additionally observed a correlation of FcRn affinity of a panel of IgG molecules with 1-3 mutations in CDRs only with calculated isoelectric points (pIs) of the variable regions and with CDR-L3, as well as a trend of tighter affinity associated with fast in vivo CL in human FcRn transgenic mice.
Results

Development of an SPR assay to measure FcRn-IgG binding in vitro
The goal of this study was to elucidate if IgG domains distal from the putative FcRn binding site (CH2-CH3 domain) influence binding of IgG to FcRn. SPR and isothermal titration calorimetry (ITC) were used to measure the interaction between IgG and FcRn. To reliably assess the factors governing the interaction, we believe it is necessary to preserve the natural state of an IgG molecule, including its quaternary structure and inherent flexibility in solution, to closely mimic in vivo conditions during binding experiments. For this reason, an alternative format of SPR assay was required because the existing formats either limited the flexibility of IgG by immobilizing it directly to the sensor surface 2, 15 or measured avidity to FcRn that is randomly immobilized to the sensor surface at high density. 8, 30 For this study, we developed a robust alternative SPR assay 31 that would allow a 1:1 interaction between FcRn and IgG. Biotinylated FcRn (through an AviTag TM on the C-terminus) was coupled to a streptavidin (SA) sensor chip allowing homogeneous orientation of FcRn. This assay format is more physiologically relevant because FcRn is present on the membrane and IgG molecules are in solution. To avoid avidity contributions that would complicate the data analysis observed at values >70 resonance units (RU) (data not shown), we tested IgG binding to FcRn coupled to the sensor chip at low density in the range 20 -70 RU. As expected, pH-dependent binding of IgG to FcRn was observed, with binding present at pH 6.0 and absent at pH 7.4. A set of sensorgrams representing the binding of IgG (at a series of concentrations) to FcRn at pH 6.0 and dissociating at pH 7.4 is shown in Fig. 1A . As depicted, binding using this assay format is characterized by fast association and dissociation that precluded use of available kinetic models to reliably analyze the data and obtain kinetic parameters. Instead, as rapid binding equilibrium was achieved at every concentration of IgG tested, we resorted to steady-state analysis of the data. A representative data set demonstrating the binding response as a function of the IgG concentration and the corresponding curve fit, which was used to calculate steady-state dissociation constant (K D ), is shown in Fig. 1B . Coating the sensor surface with FcRn concentrations above 70 RU resulted in tighter affinity values, poor fit of steady-state K D and non-linear Scatchard plots, indicating that avidity contributes to the affinity values with higher concentrations of FcRn on the surface (data not shown). In addition, we observed that the binding affinity of immobilized antigen-IgG complex to FcRn, where antigen was immobilized on the chip, IgG was captured and soluble FcRn was flowed over, was 3-to 96-fold lower for various IgG molecules compared to that of uncomplexed IgG to FcRn, where FcRn is captured on the chip and IgG was flowed over ( Table 1) , suggesting that constraining IgG molecules by binding to antigen can alter the interaction of IgG with FcRn.
To further validate the assay format, an orthogonal technique, ITC, was used to calculate the binding affinity between three different IgG molecules and FcRn. All three IgG molecules differed in their binding affinities to FcRn; however, each of these IgG molecules exhibited similar binding affinity whether measured by SPR or ITC ( Fig. 2A) . In addition, an excellent fit of ITC data to a single class of identical sites model (Fig. 2B ) suggested binding stoichiometry of two identical sites for FcRn on IgG, in good agreement with previous observations. 32, 33 The correlation between binding affinities measured using two orthogonal techniques supported the validity of the SPR assay format, which was then used to explore the IgG domains influencing the binding affinity of IgG to FcRn and their implications in vivo. In order to determine the contribution of heavy chain subclass to the affinity of IgG to FcRn, IgG molecules (panel 1) containing variable domains derived from three mAbs were generated on subclasses IgG1, IgG2 and IgG4. All of these IgG molecules contain a kappa light chain. Three key FcRn contact residues on IgG (I253, H310, H435) are conserved in these three heavy chain subclasses, and, when mutated, were shown to ablate affinity between IgG and FcRn. 9 Binding affinity of wild type IgG molecules in this panel to FcRn was measured and reported in Fig. 3 . Interestingly, the affinities of all three subclasses of mAb-8 to FcRn ranged from 279.1 to 308.2 nM, and were not statistically different from one another, indicating that changes in the heavy chain constant domains that are away from the conserved putative FcRn binding site do not alter the interaction of IgG to FcRn. Similar observations were made between IgG1 and IgG2 subclasses of mAb-1 and mAb-9. However, statistical analysis using unpaired t-test (p < 0.05) revealed that IgG4 subclass has significant differences in binding affinity compared to the IgG1 or IgG2 subclasses for mAb-1 and mAb-9. Surprisingly, differences in the binding affinity up to 2.5-fold were observed between the antibodies of similar subclass (e.g., IgG1 versions of mAb-8, mAb-1 and mAb-9), suggesting an influence of changes in variable domains on the affinity of IgG to FcRn. This is in agreement with recent observations that the Fab domain of monoclonal IgG molecules affects IgG interaction with FcRn, 11, 16, 18, 19 thus prompting us to further investigate the role of various structural elements of Fab domains on the IgG interaction with FcRn.
The Fab region constitutes both variable and constant domains of heavy and light chains. Panel 2 represents a set of IgG molecules that differ in the light chain subclass and contain identical heavy chain subclass (IgG1). As shown in Fig. 4 , a wide range of FcRn binding affinity values were observed for all of the mAbs within each kappa and lambda group; kappa ranging from 10.7 to 811 nM and lambda ranging from 12.6 to 848 nM. Statistical analysis using unpaired t-test (p < 0.05) revealed significant differences in binding affinity for the mAbs within each kappa and lambda group. In addition, two versions of an antibody with identical target binding affinities, consisting of identical variable sequences and heavy chain isotype, but differing constant light chain domains (one kappa and the other lambda) bound to FcRn with similar affinity (data not shown). This observation, together with those described in Fig. 4 (Fig. 6 ). To validate this observation, a different set of 29 IgG molecules with a small number of mutations in CDRs only was compiled (panel 5) and are described in Table 3 . IgG molecules in this set were derived from the same parent IgG molecule, but had tighter binding affinity to antigen relative to the parent. In any given IgG within the set, 1-5 mutations in CDRs exist. The IgG molecules exhibited affinities to FcRn in the range of 3.2-284.7 nM, indicating that even small changes in CDR residues of an IgG molecule can dramatically alter the binding affinity of IgG to FcRn (Table 3) . Intrigued by this observation, we queried if the Fab domain alone could bind to FcRn in the absence of binding at the putative site on the Fc domain. To address this question, IgG molecules that exhibited higher affinities in the range of 15.4-104.3 nM to FcRn were mutated at the two key histidine contact residues (H310A, H435A). These mutations have been shown to ablate the interaction between IgG and FcRn. 7, 34 A representative sensorgram resulting from binding of mAb-10 to FcRn is presented in Fig. 7 . As shown, no interaction was measured between IgG mutant and FcRn even at IgG mutant concentration as high as 3000 nM (a concentration value just above 60-fold the steady-state K D value of the wild type IgG molecule). Based on this observation, we concluded that the primary interaction between the Fc that constitutes the putative binding site and FcRn is absolutely necessary, and then minor contributions from CDRs can further strengthen the interaction. It is possible that residues in CDRs could directly contact FcRn following the first interaction at the putative binding site, owing to the inherent flexibility of Fab arms. 16, [35] [36] [37] Correlation between pI of various domains of IgG and affinity to FcRn
The observations described in the preceding paragraphs along with the published results that demonstrated the effect of charges in antibody FWs and CDRs on the in vivo half- Table S1 . As shown in (Table S2 and Fig. 9 ).
Based on these observations and our understanding of the contribution of CDRs to modifying affinity to FcRn, a structural model was generated to examine whether CDRs in the Fab arm of an IgG might directly contact FcRn (Fig. 10) . After examining the model and observing the proximity of Fab arm to the endosomal membrane, we hypothesized that flexibility in the hinge of IgG may allow for the Fab arm to contact either FcRn directly and (or) the membrane following binding to FcRn. We believe that our SPR assay format allows mimicking of the membrane containing FcRn owing to the extremely flexible and negatively charged nature of the SPR chip matrix. To test the possibility of the Fab arm contacting the membrane, we examined the binding affinity of a panel of five IgG molecules varying only by 1-3 mutations in CDRs (panel 6) to FcRn in the presence and absence of the carboxymethyl dextran matrix. NeutrAvidin (NA), a neutrally charged version of SA, was coupled to a matrix-free surface. Biotinylated FcRn was coupled to the resulting sensor surface and binding experiments were carried out. All these IgG molecules bind the same antigen and the mutations in CDRs do not alter affinity to antigen. Each IgG molecule has one mutation in the middle of CDR-L3 that is positively charged in mAb-54 and ¡57, neutral in mAb-55 and 56 and negatively charged in mAb-58. The other one or two mutations, when present, are in CDR-H1 or H2. As reported in Fig. 11 , the affinity of these IgG molecules to FcRn ranged from 101.3-682.1 nM in the assay with no carboxymethyl dextran matrix. To confirm that this difference is indeed due to the absence of the matrix and not due to the substitution of SA with NA, we coated NA on the surface of a CM3 chip, a matrix most closely resembled to that in the SA chip, captured biotinylated FcRn on this sensor and measured the affinity of this set of IgG molecules. The affinities were in the range of 15.0-674.1 nM, which is similar to that observed with the SA-coated chip ( 
Relationship between in vitro IgG affinity to FcRn and in vivo clearance
In order to understand whether the affinity values of IgG to FcRn relate to the observed in vivo CL, we administered the five IgG molecules in panel 6 to hFcRn Tg32 homozygous mice, which have been shown to accurately predict mAb CL in humans. 29 As previously noted, all the IgG molecules in this panel bind to the same antigen and vary only by 1-3 mutations in their CDRs; all five contain a single amino acid mutation in the middle of the CDR-L3 loop. The mutations in CDRs do not alter affinity to antigen, but introduce differences in charge between the IgG molecules. Furthermore, these IgG molecules do not cross-react to mouse antigen, eliminating the possibility of TMDD contribution to CL. Following a 5 mg/kg intravenous administration, the IgG molecules displayed variable exposures in the hFcRn Tg32 mouse model, resulting in a range of CL values from 0.42-2.70 mL/hr/kg (Fig. 12 ). mAb-54 had the fastest CL and tightest affinity to FcRn while mAb-58 had the slowest CL and weakest affinity to FcRn (Table 4) . mAb-54 contains a positively charged amino acid in CDR-L3 while mAb-58 contains a negatively charged amino acid in place of the positively charged residue in CDR-L3. These data suggest that charges in CDRs can affect the resulting in vivo CL.
To further examine the relationship between in vitro affinity of IgG molecules to FcRn and in vivo CL, we used a data set generated previously that included in vivo CL and in vitro affinity values for 27 additional IgG molecules, 29 including those from panel 6. As shown in Fig. 13 , FcRn steady-state K D values correlated (r D¡0.79) with in vivo CL in the hFcRn Tg32 homozygous mice, demonstrating that IgG molecules with tighter in vitro affinity have fast in vivo CL. Figure 11 . Presence of the carboxymethyl dextran matrix and constraining the Fab domain of IgG molecules by binding to antigen alters steady-state K D to FcRn. The FcRn SPR binding assay was carried out on SA and NA chips with a carboxymethyl dextran matrix, on NA coated on a C1 chip with no matrix and on IgG molecules captured on antigen for the five IgG molecules from panel 6 that vary by 1-3 amino acid residues in CDRs only on at least three experiments on a minimum of two different surfaces. Significant steady-state K D differences between IgG molecules tested with or without matrix were analyzed using an unpaired student ttest where significance is indicated as single asterisk ( Ã ) for p < 0.05. Table 4 . CL values for the set of IgG molecules from panel 6, which differ by 1-3 amino acid residues in CDRs only, show big variation in CL (mL/hr/kg). hFcRn Tg32 homozygous mice were IV dosed with 5 mg/kg of mAb. For mAb-54, the last two timepoints were excluded from PK parameter calculation due to presumed TMDD or ADA. In vitro affinity to FcRn, location and number of mutations, and pI values of variable and CDR-L3 are also listed for each IgG molecule. 
Discussion
A substantial body of literature exists demonstrating the role of FcRn in extending the PK of therapeutic antibodies by rescuing them from lysosomal degradation. Although all the therapeutic antibodies currently marketed are of the IgG isotype, they differ substantially in their in vivo PK. In addition to FcRn binding affinity, a factor that often influences the PK of IgG molecules is TMDD. However, studies have shown that, even in the absence of TMDD, PK of IgG molecules can differ significantly, indicating that other factors might be playing a role. For example, specific off-target binding of a humanized anti-fibroblast growth factor receptor 4 IgG to mouse complement component 3 exhibited rapid CL in mice. 38 Non-specific binding of IgG may also result in poor serum PK, as was seen with variants of palivizumab, which targets respiratory syncytial virus. 39 Several studies have demonstrated that PK can be manipulated by modulating the binding affinity between IgG and FcRn through engineering of the Fc region of IgG. Introducing mutations that enhance FcRn binding at endosomal pH, where IgG is exposed to FcRn, but not at neutral pH, is thought to allow more IgG to dissociate from FcRn after fusion of the endosome with plasma membrane as the half-lives of IgG molecules with these mutations are enhanced compared to the same IgG molecules with wild type FcRn contact residues. 4, 6, 13, 14 In our study, we sought to understand the role of different IgG domains that are distal from the putative binding site in modulating the affinity between IgG and FcRn. Therapeutic IgG antibodies are of different subclasses and are multi-domain proteins, each domain serving a distinct function. A study measuring human maternal-fetal transport of IgG showed differences in transport for the four heavy chain subclasses, in the order of IgG1 > IgG4 > IgG3 > IgG2, 40 and, based on this study, it has been widely assumed that FcRn recycling is most effective with the IgG1 subclass. In contrast to this widely accepted hypothesis, we demonstrated that the affinity of IgG with identical variable domains to FcRn is similar for IgG1, IgG2 and IgG4 subclasses (Fig. 3) . It has been demonstrated that the IgG4 hinge has enhanced flexibility compared with that of IgG1, 37, 41 and that the Fab domain of IgG4 molecules can restrict access to the Fc region. 42 Therefore, it is possible that, in the case of IgG4, additional hinge flexibility slightly alters its interaction with FcRn, and may account for the small reduction in binding affinity we observed (Fig. 3) . While IgG subclass showed no significant effect on FcRn binding affinity, surprisingly, the Fab domain significantly affected binding affinity, as exemplified by the FcRn binding of three different antibodies of identical subclass (Fig. 3) . Additionally, we observed that IgG molecules immobilized as antigen-IgG complexes have reduced affinity for soluble FcRn compared to uncomplexed IgG molecules flowed over immobilized FcRn (Table 1) . Similar lower affinity values to FcRn were also observed by Igawa et al. 25 in an SPR assay where IgG molecules were immobilized on anti-kappa antibodies and soluble FcRn was used as an analyte. Together, these observations suggest that constraining the flexibility of IgG reduces affinity to FcRn. Another possibility for reduced affinity could be attributed to the ability of IgG molecules to form higher order non-covalent structures such as hexamers. Such structures have been shown to exist under high antigen densities found for example on the surface of viral particles that are presented to complement system by the antibodies binding to these surface antigens. 43, 44 However, we believe such structures may not exist under the SPR conditions used in the present study as the FcRn density on the chip was calculated to be low, in the order of 0.5 ng/ mm 2 , and the IgG molecules examined have high affinity to antigen with slow dissociation rates. It was shown by Hadzhieva et al. 45 that immobilization of antigen at such low densities has not resulted in higher order antibody structures. Structural changes in IgG molecules as a result of antigen binding have been reported by other groups as well, 46 substantiating our observations. Encouraged by these observations, we sought to systematically dissect the contributions of variable domain in modulating the affinity between FcRn and IgG.
The variable domain is composed of FWs that form the core and CDRs or paratopes that confer specific binding to the cognate antigen. This study demonstrates that the FW domains comprising both heavy and light chains did not affect FcRn affinity to IgG molecules, as wide ranges of affinity values were measured for IgG molecules containing identical FW domains (Fig. 5) . The next logical step was to evaluate the contribution of CDRs to FcRn affinity. The binding affinity of IgG molecules in panels 5 and 6 to FcRn that differed by only a few amino acid residues in CDRs revealed that small changes in CDRs, as minute as one amino acid residue change, could alter affinity to FcRn up to 79-fold (Tables 3 and 4 ). These observations are intriguing because CDR domains are distant from the putative FcRn binding site on the Fc. This led us to question whether CDRs could directly contact FcRn or the nearby membrane, influence flexibility of the Fab arm, or influence the tertiary or quaternary structure of IgG, and thus modulate affinity of IgG to FcRn. It is generally surmised that individual IgG molecules are highly flexible; allowing Fab domains to come in close proximity to Fc. Inherent flexibility of IgG increases the likelihood of its contact with the cognate antigen. The Fab arm can rotate as much as 158
, and the Fab-Fc angles ranged from 63-172 as revealed by electron tomography studies 35, 36 and the existing crystal structures. Such flexibility might increase the likelihood of variable domains initiating contact with FcRn, following FcRn binding at its primary binding site on the Fc domain. Fig. 10 illustrates a model of human FcRn in complex with human IgG constructed based on the crystal structure of rat Fc-FcRn and demonstrates the possibility of direct contact between Fab arm and FcRn, specifically with a region of the beta-2 microglobulin (b2m) subunit with negatively charged surface patches. Recent work by Jensen et al. 16, 47 demonstrated that there are interaction sites in the Fab region of IgG for FcRn, which corroborates our hypothesis that the Fab arm may directly contact FcRn.
The other likely biological surface the Fab region may contact following its binding to FcRn is the membrane where FcRn is presented. This has been suggested as a possibility by Burmeister et al. 23 based on the rat Fc-FcRn crystal structure and modeling. Further evaluation of the structural model suggests that the Fab domain might likely come in contact with the endosomal/vesicle membrane. Findings by Wang et al. 19 demonstrated that the Fab domain affected the interaction with FcRn and that in vitro FcRn dissociation at neutral pH correlated with in vivo half-life. Additionally, Jensen et al. 16, 47 demonstrated FcRn interaction sites in the Fab region of IgG. However, under the SPR conditions we tested, a direct interaction between FcRn and Fab domain has not been observed in the absence of primary interaction at Fc domain (Fig. 7) . We reasoned that this interaction may not be as strong or specific enough to be detected in our SPR assay. Nevertheless, this weak interaction might securely position the FcRn molecule and strengthen the primary interaction at the putative site.
Based on these assumptions, we hypothesized that modifying charges in CDRs might modulate this secondary contact. Calculated pI of variable domains from IgG molecules from panel 4, which differ by CDRs only, ranged from 5.22-9.41 (Table S1 ). We found that the higher the pI, the tighter the binding affinity (Fig. 8) . Further dissection of the variable domain pI showed that higher pI of CDR domains L1 and L3 correlated with tighter affinity to FcRn, with L3 showing the strongest correlation (Fig. 8) . Furthermore, the binding affinities of a subset of five IgG molecules from panel 5, differing by only one amino acid substitution in CDR-L3, showed that higher pI of variable and CDR-L3 domains correlated with tighter affinity to FcRn (Fig. 9 ). This suggests that charge modulation in the CDRs of variable domains may affect the FcRn binding affinity. It should be noted that the specific CDR domains that influence FcRn binding as a result of charge modulations may differ from one IgG molecule to another. We also examined the influence of the negatively charged carboxymethyl dextran matrix that constitute the SPR chips and likely mimic the negatively charged plasma membrane, and observed that the presence of the matrix alters interaction of some IgG molecules to FcRn, but not others (Fig. 11) . Depending on local charges in the IgG molecule, it is possible that the matrix and (or) regions of FcRn distal from the putative binding site may attract or repel the IgG, and thus alter its affinity to FcRn.
While several factors can influence the PK of an IgG molecule, FcRn-dependent recycling is one of the key factors. Published data correlating the in vitro affinity of IgG molecules for FcRn and PK parameters does not support a linear relationship between affinity and half-life. 30, 48, 49 In order to measure the interaction between IgG and FcRn, we believe it is highly desirable to preserve the physiologically relevant quaternary structure and inherent flexibility in solution during binding experiments, and this is captured in the SPR assay format that we described here. We believe that this format helped us draw correlations between the in vitro affinity of IgG molecules to FcRn and IgG CL. Our data reported in Fig. 13 demonstrates that IgG molecules with in vitro affinity tighter than 400 nM often have rapid in vivo CL, suggesting the likely contributions from CDRs in the Fab arm and likely slow release of the IgG when recycling. In contrast, IgG molecules with weaker affinity than 400 nM fall into a category of slower CL, possibly due to other in vivo factors that more likely modulate IgG half-life. In addition, we report that the relationship between the in vitro affinity between IgG and FcRn and IgG CL may not be linear for IgG molecules with affinity weaker than 400 nM. Based on the reported in vivo study results and in vitro observations, our working hypothesis is that IgG molecules with tighter affinity to FcRn as a result of contributions, particularly from CDRs in the Fab arm, may not rapidly dissociate from FcRn at the cell surface during the "kiss-and-run" fusion, and are instead reinternalized with FcRn. Engineering CDRs to modify local charge and thus maintain affinity to FcRn at 400 nM or weaker in vitro while retaining antigen binding may have far-reaching implications in the half-life optimization efforts of IgG therapeutics with respect to in vivo PK.
Materials and methods
Generation of biotinylated human FcRn-b2 m complex
DNA representing the extracellular domain of FcRn, including the signal peptide, (amino acid residues 1-290; accession no. BC008734), was amplified from cDNA (Open Biosystems) using PCR. The PCR fragments were further extended on the 5 0 end to add a short linker sequence (GGGSGGG) followed by AviTag TM (Avidity, LLC) (GLNDIFEAQKIEWHE) using overlapping PCR. The resulting construct was cloned into a proprietary expression vector. b2 microglobulin (b2m) cDNA (Ultimate ORF clone, Invitrogen) was amplified using PCR (amino acids 1-119) and the resulting product was cloned into a proprietary expression vector. Both FcRn and b2m clones were co-transfected into Chinese hamster ovary (CHO) cells and clones were selected by growing them in growth medium containing 20, 50 or 100 nM MTX and 1 ug/mL G418 to create stable cell lines. Clones from each MTX concentration were isolated, and cultured in growth medium. Supernatants were analyzed for protein expression on 4-12% NuPAGE gels (Invitrogen), followed by Western blot using goat polyclonal anti-FcRn antibody (Santa Cruz Biotechnology; sc-46329) and mouse monoclonal anti-b2m antibody (Santa Cruz Biotechnology; sc-15366). The best expressing clonal lead cell line was selected for scale-up.
Stable CHO lines expressing FcRn were seeded into roller bottles (Cellon) at 2.7e7 cells/roller bottle. Four days post seeding, the serum containing growth media was removed, the roller bottles were rinsed once with 200 mL of phosphate-buffered saline (PBS), and 400-mL/roller bottle of a proprietary serum-free media was added. Seventy-two hours after changing to serum-free media, the conditioned media was removed and pooled. Immediately after harvesting, the pooled conditioned media was clarified by filtration and concentrated » 20 fold using a 10 kD tangential flow filtration cartridge (Millipore Prep Scale Cartridge). The pH of the harvested conditioned medium containing FcRn was adjusted to 5.5-6.0 with 1 M 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.0, and captured on a column containing IgG-coupled sepharose6 fast flow resin (GE Healthcare). Following an extensive wash, FcRn-b2m heterodimer was eluted in PBS-calcium/magnesium free, pH 7.5.
Purified FcRn was incubated with biotin ligase and biotin to site-specifically attach biotin to the lysine residue in the AviTag TM following manufacturer's instructions (GeneCopoeia). Biotinylation was confirmed by Western blot analysis using streptavidin-horseradish peroxidase (SouthernBiotech) for detection.
Generation of IgG molecules
Monoclonal IgG molecules used in this study were discovered using both phage display and hybridoma approaches. PCR sitedirected mutagenesis was used to introduce mutations into the Fc portion of human IgG. All mAbs used in this study were produced as recombinant proteins using either human embryonic kidney (HEK293) cells or CHO cells and purified by Protein A resin (GE Healthcare). All pure mAbs were determined to be >99% aggregate-free by analytical size exclusion chromatography.
SPR FcRn-IgG binding assays
Biacore TM T100 or T200 (GE Healthcare) were used to measure steady-state binding affinities of the interaction between IgG molecules and FcRn. Biotinylated human FcRn-b2m complex was affinity captured on the surface of a SA chip (GE Healthcare) to a final surface density of 20-70 RU. IgG analytes were diluted to appropriate experimental concentrations in sample buffer (20 mM MES, 150 nM NaCl, 3 mM EDTA, 0.5% P20, pH 6.0) and flowed over the FcRn-coated SA chip. Following the association and dissociation phases of the experiment, the SA chip was regenerated using 30 s injection of 10 mM HEPES with 150 nM NaCl, 3 mM EDTA, 0.05% P20, pH 7.4 (HBS-EPC buffer, GE Healthcare) prior to the next cycle. Unless otherwise mentioned, assays were performed in triplicate independently using a minimum of three different FcRncoated SA chips and the average steady-state K D value and standard deviation for each IgG molecule were calculated. IgG molecules described in Table 3, Table S2 and Fig. 9 were analyzed in only a single experiment due to the limited quantities of protein available. Appropriate control experiments were carried out to show that mass transport was minimal and the interaction was truly a 1:1 binding event. The resulting sensorgrams were double referenced and fit to steady-state affinity models using the Biacore T200 Evaluation Software (version: 1.0, GE Healthcare) or Biacore T100 Evaluation Software (version 2.0.1, GE Healthcare). The validity of the data was assessed using calculated chi-square to measure goodness of fit to the binding model and Rmax values to verify that all FcRn and IgG molecules are actively binding.
Antigen, specific for mAb-2-4 and mAb-54-58, was coated by amine coupling on the surface of a CM5 chip (GE Healthcare). mAb-2-4 were diluted into HBS-EPC buffer and were affinity captured on the antigen. Human FcRn-b2m complex was diluted to appropriate experimental concentrations in sample buffer (20 mM MES, 150 nM NaCl, 3 mM EDTA, 0.5% P20, pH 6.0) and flowed over the IgG captured by its antigen on the CM5 chip. Assays were performed in duplicate independently using two different antigen-coated CM5 chips and the average steady-state K D value and standard deviation for each IgG molecule were calculated. The resulting sensorgrams were double referenced and fit to steady-state affinity models using the Biacore T200 Evaluation Software (version: 1.0, GE Healthcare) or Biacore T100 Evaluation Software (version 2.0.1, GE Healthcare). The validity of the data was assessed using calculated chi-square to measure goodness of fit to the binding model and Rmax values to verify that all FcRn and IgG molecules are actively binding.
50 ug/ml NeutrAvidin (Thermo Scientific), in 10 mM sodium acetate, pH 4.0, was injected over all four flow cells on a C3 chip (GE Healthcare) to coat all flow cells with NA. Biotinylated human FcRn-b2m complex was affinity captured on the surface of an SA chip (GE Healthcare) to a final surface density of 40-50 RU. IgG analytes were diluted to appropriate experimental concentrations in sample buffer (20 mM MES, 150 nM NaCl, 3 mM EDTA, 0.5% P20, pH 6.0) and flowed over the FcRn-coated NA chip. Following the association and dissociation phases of the experiment, the NA chip was regenerated using 30 s injection of 10 mM HEPES with 150 nM NaCl, 3 mM EDTA, 0.05% P20, pH 7.4 (HBS-EPC buffer, GE Healthcare) prior to the next cycle. Assays were performed in triplicate independently using a minimum of three different FcRn-coated NA chips and the average steady-state K D value and standard deviation for each IgG molecule were calculated. 50 ug/ml NA (Thermo Scientific), in 10 mM sodium acetate, pH 5.0, was injected over all four flow cells on a C1 chip (GE Healthcare) using C1 pre-concentration buffer (100 mM glycine, pH 12 with 0.03% TritonX100) to coat all flow cells with NA. Biotinylated human FcRn-b2m complex was affinity captured on the NA on flow cells 2-4 to a final surface density of 11.5-40 RU. IgG molecules were diluted to appropriate experimental concentrations in sample buffer (20 mM MES, 150 nM sodium chloride, 3 mM ethylenediaminetetraacetic acid, 0.5% P20, pH 6.0) and flowed over the FcRn-coated NA chip. Following the association and dissociation phases of the experiment, the chip was regenerated using 30 s injection of 10 mM HEPES with 150 nM sodium chloride, 3 mM ethylenediaminetetraacetic acid, 0.05% P20, pH 7.4 (HBS-EPC buffer, GE Healthcare) prior to the next cycle. Assays were performed in triplicate independently using three different FcRn-coated NA chips and the mean steady-state K D value and standard deviation for each IgG molecule were calculated. The resulting sensorgrams were double referenced and fit to steady-state affinity models using the Biacore T200 Evaluation Software (version: 1.0, GE Healthcare). The validity of the data was assessed using calculated chi-square to measure goodness of fit to the binding model and Rmax values to verify that all FcRn and IgG molecules are actively binding.
Isothermal titration calorimetry affinity measurements
ITC experiments were carried out using a VP-ITC instrument (GE Healthcare). All experiments were performed with FcRn in the reactant cell and IgG in the titrating syringe. Both FcRn and IgG were extensively dialyzed in 50 mM sodium phosphate, 150 mM sodium chloride, pH 6.0 and the same buffer was used in reference cell. Concentrations of FcRn and IgG were adjusted to 0.014 mM or 0.028 mM (FcRn) and 0.11 mM (IgG) using the buffer mentioned above and degassed prior to adding to the reactant cell and the titrating syringe. All runs were performed at 20 C, and each run comprised a series of 22 injections of 13.3 mL IgG each with syringe stir speed of 470 rpm. The injections were spaced 300 s apart to allow time to reach equilibrium prior to the next injection. Data were analyzed using Origin 7.0 (Origin Lab) and fit to the one site binding model to calculate stoichiometry and binding affinity.
Isoelectric point determination
Isoelectric point (pI) values of variable domains and CDRs were deduced from amino acid sequence using ExPASy (Swiss Institute of Bioinfomatics).
Statistical analysis
A Student's unpaired t-test analysis was performed to compare steady-state K D values between IgG molecules. Differences were considered as statistically significant if p < 0.05 (labeled as Ã ). Analysis of correlations between IgG molecule steady-state K D value to calculated pI value of variable domains and CDRs was performed using GraphPad Prism 6 to determine the Pearson correlation coefficient (r) where statistical significance level is set at or below 0.05. All correlations were fit using a linear regression fit.
PK studies conducted in hFcRn Tg32 mice
Mice used in this study included hFcRn Tg32 strain (cat#014565, homozygous) obtained from The Jackson Laboratory. All mice were treatment-na€ ıve male mice between the ages of 6 to 8 weeks at study start. PK studies were conducted at Pfizer Inc., and were designed and executed within accordance of the Animal Use Protocol and adherence to the Pfizer Institutional Animal Care and Use Committee regulations. mAb dosing solutions were prepared in a 10 mM L-histidine, 5% sucrose, pH 6.0 formulation buffer and dosed intravenously at 5 mg/kg with a dose volume of 4 mL/kg. A total of 6 animal replicates were evaluated for each mAb utilizing a serial sampling approach as previously described 50 across a study duration of 4 weeks. Serum concentrations of mAb were determined using a generic human IgG ligand binding assay (LBA) as described below. PK parameters were determined from individual animal data using non-compartmental analysis in WinNonlin (Version 6.3.0.395) using the plasma data module. Terminal data points in PK profiles that were presumed to be affected by TMDD, off-target binding or anti-drug antibody (ADA) were excluded from the linear CL estimation (336-504 hr from mAb-54 only).
Serum quantitation of mAb by LBA mAb serum concentrations were quantitated as previously described. 29, 50 Briefly, samples were collected via serial sampling, 10 mL of whole blood was collected at each time point via a heparinized capillary tube and mixed with 90 mL of assay buffer (0.2 M Tricine, pH 8.5, 1% bovine serum albumin (BSA), 0.5 M NaCl, 0.1% Zwittergent, 0.05% Proclin300) to obtain a minimum required dilution of 1:10. The diluted blood sample was centrifuged at 1,100 £ g for 10 minutes at RT and the supernatant aliquoted into a clean tube and stored at¡80 C until analysis. To calculate plasma concentrations from the diluted whole blood matrix, a dilution factor of 18.18 was applied to correct for the hematocrit component and lysis of red blood cells. Quantitative bioanalysis was performed utilizing a Gyrolab (Gyrolab TM xP, Gyros U.S. Inc.) immunoassay platform. A generic human IgG assay format was utilized, each mAb assay was independently optimized and qualified to give the required sensitivity and dynamic range. mAb standards and controls were prepared in assay buffer. For each assay, inter-day accuracy, precision, selectivity, specificity and dilutional linearity were examined and precision and accuracy of spiked quality controls met pre-established acceptance criteria (%CV 20% and %bias 30% of nominal). The assay range of quantitation was 23.6 -5760 ng/mL in 100% mouse plasma for all mAbs tested. The qualification data was generated using Gyrolab Evaluator Software (Version 3.1.5.137).
Quantification of all mAbs in this study used a capture reagent of donkey anti-human IgG (HCL) biotin (Jackson ImmunoResearch Labs; 709-065-149). Bound mAb was detected with Alexa 647-labeled donkey anti-human IgG (HCL) (Jackson ImmunoResearch Labs; 709-605-149). Gyrolab Rexxip F Buffer was used for reagent dilutions (Gyros U.S. Inc.). The concentration of study samples from each mAb were determined by interpolation from a standard curve using a 5-parameter logistic curve fit with 1/y 2 response weighting using Watson LIMS Software version 7.4 (Thermo Scientific Inc.). Concentration values below the limit of quantitation were set to 0 ng/mL for all PK calculations.
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